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Electron energy-loss spectroscopy (EELS) offers a window to view nanoscale properties and pro-
cesses. When performed in a scanning transmission electron microscope, EELS can simultaneously
render images of nanoscale objects with sub-nanometer spatial resolution and correlate them with
spectroscopic information of ∼ 10 − 100 meV spectral resolution. Consequently, EELS is a near-
perfect tool for understanding the optical and electronic properties of individual and few-particle
plasmonic metal nanoparticles assemblies, which are significant in a wide range of fields. This review
presents an overview of basic plasmonics and EELS theory and highlights several recent noteworthy
experiments involving the electron-beam interrogation of plasmonic metal nanoparticle systems.
I. INTRODUCTION
At optical frequencies metals screen applied fields imperfectly, allowing light to travel roughly tens
of nanometers into metallic structures [1]. Thus, metal nanoparticles (MNPs), whose physical extent
is on par with the penetration depth, differ from the bulk in that light can penetrate them entirely.
From just this observation, it is evident that MNP conduction electrons can be uniformly forced
by light and made to exhibit collective motion. Moreover, this motion must be strongly dependent
on MNP geometry since the electrons are restricted by its boundary. Indeed, given enough time to
respond to an applied field, the MNP’s conduction electrons accelerate until they reach the particle’s
surface, leaving a positive ionic background on the other side and polarizing the particle. When the
applied field is removed, electrons accelerate towards the exposed ionic background, overshooting
their equilibrium position, collectively oscillating before decaying back to their initial state. This
collective excitation is called a plasmon. In general, plasmons can be excited by light or by near-field
sources; they exist in the bulk and on surfaces; the latter can be localized to nanoscopic particles
or propagate on macroscopic ones. Those that propagate are known as surface plasmon polaritons
(SPPs), while those localized to MNPs are called localized surface plasmons (LSPs).
MNPs are capable of supporting a broad range of modes that can be grouped into two categories:
bright and dark. The former have a net dipole moment and couple to light, while the latter do
not. Since light may be used to drive bright LSPs, so too can they radiate, thereby focusing far-
field radiation to sub-diffraction-limited length scales while simultaneously acting as nanoscopic
antennas. Bright LSPs play a pivotal role in a number of areas, including enhanced molecular-
optical spectroscopy [2–4], chemical sensing and catalysis [5], photothermal cancer therapy [6], and
solar-energy conversion [7]. In contrast, dark LSPs lose energy to their environments nonradiatively
and therefore have fewer available decay pathways, leading to higher quality factors [8, 9]. Recently,
research into dark modes has intensified as plasmonic applications call for LSPs with just these
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2properties [8, 9]. Dark LSPs are well-suited for novel applications such as nanoscale heating [10, 11]
or as tunable sources of energetic electrons [12]. Taken together, both bright and dark LSPs offer a
unique means to direct the flow of light, energy, and charge [13] on the nanoscale, and as a result,
the characterization of single nanoparticles and aggregates continues to play a central role in the
development and advancement of nanoscience [14].
Spectroscopic methods employing plane-wave excitation sources are commonly used to study LSPs.
These include dark-field optical microscopy (DFOM) [15–18], broadband extinction spectroscopy [19,
20], photothermal imaging [21, 22] and non-linear confocal microscopy [23]. The spatial resolution of
these techniques is limited by the diffraction limit of light (∼200 nm), leaving the spatial variation
of the nanoparticle’s LSP modes obscured. Moreover, by their very nature, methods employing
far-field radiation are incapable of interrogating dark LSPs. To improve upon these limitations,
methods based on transforming far-field light into a near-field source, such as near-field scanning
optical microscopy (NSOM) have successfully achieved spatial resolution below 10 nm [24], but
images and spectra can be difficult to interpret since the near-field tip significantly perturbs the
local electric field of the MNP aggregate. For details, we refer the reader to the following review
articles [25, 26].
Electron energy-loss spectroscopy (EELS) offers an elegant solution to the limitations described
above by using a relativistic electron beam in place of optical excitation sources. The basic concept
behind EELS is to bombard a target with electrons and collect those that have been reflected or
transmitted to determine the change in their kinetic energy. Then, by energy conservation, this
change corresponds to the excitation energies of the target’s modes. Unlike plane-wave probes, the
electron beam provides a highly localized electric field with which to interrogate a MNP. This gives
EELS access to both bright and dark LSPs while providing a near unlimited spectral range along
with a spatial resolution limited only by the sub-A˚ngstrom de Broglie wavelength of a relativistic
electron.
The first study on the kinetic energy of electrons scattered off of thin Cu films was preformed by
Rudberg in 1930 [27]. He measured the electron intensity as a function of loss energy and showed
that the spectrum could be correlated to the chemical composition of the sample. The loss spectra of
transmitted electrons was first observed by Ruthemann in 1941 [28], who measured the loss energy
of electrons passing though thin Al films. This work is of particular importance since the peaks
recorded in the data were later interpreted as bulk plasmons by Bohm and Pines [29, 30], laying the
groundwork for modern condensed-matter theory and providing a rigorous justification for the free
electron gas approximation assumed in the Drude model of metals [31]. EELS also played a central
role in the discovery of surface plasmons. In 1957, Ritchie predicted the existence of surface modes
in the loss spectra of thin metal films. This was quickly confirmed experimentally by Powell and
Swan [32] and shortly after by Stern and Ferrell [33], who also named the quanta of these modes
surface plasmons.
The study of LSPs using EELS was first suggested theoretically in 1968 by Fujimoto and Komaki
in Japan [34] and independently by Crowell and Ritchie in the United States [35]. While both
predicted the existence of dark modes, the latter also predicted the radiative decay of the lowest
order bright mode, which was confirmed shortly after in 1972 [36]. The conclusive observation of dark
modes would have to wait for advances in high-resolution scanning transmission electron microscopy
(STEM) [37–42], which allowed for unprecedented control over the position of the electron beam
3FIG. 1: (a) Schematic of an EELS experiment performed in a STEM equipped with a monochromator to
narrow the energy distribution of electrons and an aberration corrector to minimize the electron probe size.
After passing through or by the sample, electrons scattered by small angles go through a spectrometer. The
energy dispersive plane is projected onto a CCD camera, yielding an EELS spectrum. (b) Schematic of a
fast electron in close proximity to a nanoparticle surface. The electric field of an electron moving at 0.9c,
exhibiting a flattened electric field in the direction perpendicular to its trajectory. (c) Electrons may also
scatter off target nuclei and are collected by a high-angle annular dark field (HAADF) detector, producing
an image of the sample.
together with unprecedented energy resolution. The inclusion of EELS in these devices provided
conclusive evidence of the existence of dark modes in spherical MNPs in 1987 [43, 44].
In the last 30 years the field of electron microscopy has seen remarkable gains in the spatial
and energetic resolution of STEM/EELS experiments [45, 46]. Figure 1 illustrates how modern
EELS experiments are performed in a STEM. First, electrons are accelerated to ∼ 10 − 102 keV.
Most electrons pass by or through the target without interaction, however, some electrons are
scattered to wide angles by the target’s atomic nuclei and collected by a high-angle annular dark
field (HAADF) detector to create a nanoscale image of the target. Beyond that, a small number
of electrons inelastically scatter and impart a fraction of their kinetic energy into the target. The
ratio of the number of inelastically scattered electrons to the total number of electrons defines the
electron energy-loss probability. The spectral decomposition of the loss probability is called the
loss-probability spectrum and can be interpreted as the probability to excite a target mode of a
4particular energy at a particular electron beam position.
In spectrum image mode (SI mode), the beam may be rastered across a region of interest (ROI)
that may include the target, and at each position both HAADF and energy-loss signals can be
simultaneously acquired [47]. The resulting SI is then correlated with the HAADF image, creating
a spatial profile of a particular spectral feature, known as LSP mode map. Figure 2 shows the
schematic operation of a STEM/EELS device in SI mode. Also included in Figure 2(b) is a typical
EEL spectrum, which consists of three main parts: (i) the zero-loss peak (ZLP) accounts for the
large number of electrons that pass through the microscope without interacting with the target
and is centered about ~ω = 0 eV, (ii) the low-loss region (~ω < 50 eV), which includes LSPs,
bulk plasmons, inter- and intra-band transitions, and (iii) the core-loss region (~ω > 50 eV) which
probes electronic transitions from inner shells to the conduction band, usually used for el emental
mapping and electronic-structure analysis [48]. The full width at half maximum (FWHM) of the
ZLP determines the energy resolution of EELS and bounds its ability to distinguish between features
in a spectrum. Thanks to the advances in electron aberration correcting and monochromation of the
electron beam [49], modern STEMs can easily reach sub-nanometer spatial resolution with a sub-200
meV energy resolution. To date, STEMs are capable of achieving a spatial resolution of 0.45 nm at
300 keV [50] and 0.57 nm at 200 keV [51], while the best energy resolution reported is 9 meV [52].
Figure 2(c) shows how an LSP mode map is generated. The most convenient way is to first choose
a peak of interest in the spectrum, define a narrow energy window centered at that peak, and then
plot the number of counts in the window for each pixel in the SI. Alternatively, instead of plotting
the number of counts, an EEL map can also be generated by fitting a Lorentzian to the LSP peak
of interest and plotting the area underneath [53].
There are many excellent reviews on the role of STEM/EELS and more broadly on the role of
electron microscopy in plasmonics [45, 54]. There the reader will find detailed historical overviews
of the theoretical and experimental accomplishments of the field. From a theoretical point of view,
LSP and EELS theory can be quite complex [55]. Rather than repeat what has already been done
elsewhere, we narrow our focus and model in detail a prototypical LSP STEM/EELS experiment
with hopes of giving researchers new to the field an entry point to the vast body of work that
already exists. From the experimental side, we highlight recent and novel applications of EELS that
go beyond the simple characterization of LSP modes. These include electron tomography, energy
transfer, and quantum-size effects and provide a snapshot of where the field is today.
II. THEORY OF LOCALIZED SURFACE PLASMONS AND ELECTRON
ENERGY-LOSS SPECTROSCOPY
We begin by building LSP theory and deriving an expression for the EEL probability. The
properties of LSPs are greatly influenced by MNP geometry, and it is therefore natural to seek a
mathematical description of them in terms of the MNP’s surface eigenmodes. While many theoretical
approaches exist, classic electrodynamics provides the most straightforward path. The approach
outlined in this section can be extended to a variety of geometries; however, to keep the discussion
as simple as possible while retaining enough detail to explore the nuances of EELS experiments, we
focus solely on spherical MNPs. Moreover, nanospheres are used ubiquitously in nanoscience, and
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FIG. 2: (a) Schematic of the EELS spectrum image acquisition. A spectrum image is obtained using the
HAADF detector to define a region of interest (ROI) over a nanoparticle. The ROI is then pixelated with
a chosen spatial resolution and scanned pixel by pixel, simultaneously recording a HAADF image and EEL
spectrum. (b) Typical experimental EEL spectrum exhibiting the zero loss peak, the low-loss region and the
core-loss region. (c) Schematic of LSP mode mapping. The spectrum of each pixel is evaluated at the LSP
resonance frequency ~ωsp. The height of the peak or the area under a fitted Lorentzian is then organized
into a color map.
understanding their plasmonic properties is essential for any researcher working in the field.
A. Localized Surface Plasmon Modes of a Metal Nanosphere
We consider the case of a nanosphere of radius a embedded in a dielectric background with
dielectric constant εb and restrict ourselves to particles that are smaller than the diffraction limit of
light yet large enough to justify ignoring particle-size quantum effects. This is the quasi-static limit
of electrodynamics and amounts to ignoring time delay effects due to the finite speed of light while
retaining those due to the inertial response of the MNP’s conduction-band electrons. The system’s
local dielectric function takes the form ε(r; t − t′) = Θ(a− r)ε(t − t′) + Θ(r − a)εb, where Θ is the
Heaviside step function. For simplicity, we consider ε(r; t− t′) to be local in space but not time. In
6this limit, the response of the system is determined by the time-dependent Poisson equation
−∇ ·
∫ t
−∞
dt′ε(r; t− t′)∇Φ(r, t′) = 4piρext(r, t), (1)
where Φ(r, t) is the electric potential due to an external charge density distribution ρext(r, t). The
electric potential must be finite at the origin and tend to zero as the magnitude of the observation
vector |r| → ∞. Furthermore, at the surface of the MNP both the electric potential and the
displacement field must be continuous.
To solve Eq. (1), we follow standard procedures [56] and define the Green function G(r, r′; t, t′)
by replacing ρext with a delta function in space and time,
−∇ ·
∫ t
−∞
dt′′ε(r; t− t′′)∇G(r, r′; t′′, t′) = 4piδ(r− r′)δ(t− t′). (2)
From a physical point of view this corresponds to finding the potential due to a test charge q
located at r′, which we choose to be external to the MNP. Since we can express any ρext as a sum
of point charges, we may invoke the principle of superposition to calculate the total potential by
summing Green functions weighted by ρext. From a mathematical perspective, this is equivalent
to constructing the integral transform that has the dielectric response of the sphere built into its
kernel, G(r, r′; t, t′). Thus the total potential takes the form
Φ(r, t) =
∫
dt′dr′G(r, r′; t, t′)ρext(r′, t′), (3)
where the integral is understood to be over all time and space. Intuitively, we expect G(r, r′; t, t′)
to be the sum of two terms, a contribution due to the test charge and a contribution due to the
image response of the MNP, and finding its analytic form is the purpose of this section. We begin
by taking a Fourier transform of Eq. (2) in t− t′ (assuming t > t′), yielding ∇· ε˜ (r;ω)∇G˜(r, r′, ω) =
−4piδ(r−r′). For the sake of simplicity we choose to treat the metal as a free electron gas by setting
ε˜ (ω) = ε∞ − ω2p/(ω2 + iγω). ε˜ (ω) is parameterized by the bulk plasma frequency ωp, the electron
scattering rate γ, and ε∞, the static dielectric response of the ionic background.
Using the completeness relation for spherical harmonics [56], δ(r − r′) =∑
`m r
−2δ(r − r′)Y`m (θ, φ)Y ∗`m(θ′, φ′), and enforcing the given boundary conditions, we find
that the total Green function outside the metal is
r > a : G˜(r, r′, ω) =
1
εb|r− r′| −
∑
`m
4pi
2`+ 1
` (ε˜ (ω) /εb − 1)
` (ε˜ (ω) + εb) + εb
a2`+1
r′`+1r`+1
Y`m(θ, φ)Y
∗
`m(θ
′, φ′), (4)
where the spherical harmonics are evaluated at polar and azimuthal observation coordinates θ and φ,
and test charge coordinates θ′ and φ′. As expected it is the sum of two terms, the first corresponding
to the test charge, and the second to the MNP’s image response. In the limit of ω →∞, we recover
the electrostatic Green function for a test charge placed outside of a dielectric sphere with dielectric
function ε∞. Thus we see that polarizing the sphere always lowers the total energy of the system,
regardless of the sign of the test charge.
To see how this connects to the LSP modes of a sphere, we first define the surface response function
7FIG. 3: Contour plots of LSP electric potential (red and blue signify the sign of the potential) with overlayed
electric field lines for ` = 1, 2, 3, 10 generated by an electron placed on the x-axis outside of the sphere. The
potential is directly proportional to the surface charge. Bright modes have odd value of ` and dark modes
have even value of `. ` gives the number of nodes in the electric field produced by an LSP. Note that the
LSP modes are independent of m due to the symmetry of the sphere, giving each ` mode a 2`+1 degeneracy.
g˜`m(ω) = `(ε˜(ω)/εb − 1)/(`(ε˜(ω) + εb) + εb), which in the time domain takes the form
g`m(t− t′) − `(ε∞/εb − 1)
`(ε∞ + εb) + εb
δ(t− t′) = 4piχ`m(t− t′) (5)
=
2`+ 1
`(ε∞ + εb) + εb
ω2`m√
ω2`m − (γ/2)2
e−γ(t−t
′)/2 sin
[√
ω2`m − (γ/2)2 (t− t′)
]
,
where ω`m = ωp
√
`/(`(ε∞ + εb) + εb) are determined by the pole structure of g˜`m(ω) [55, 57]. It is
the sum of two terms, an instantaneous response, proportional to a delta function, and an oscillatory
term, χ`m. The surface response function is one of the primary results of LSP theory because it
describes the optical properties of MNPs. This can be seen most explicitly by comparing g`m to the
response function of a free electron gas,
ε(t− t′)− ε∞δ(t− t′) = 4piχ(t− t′) (6)
=
ω2p
(γ/2)
e−γ(t−t
′)/2 sinh [γ(t− t′)/2] .
As described by the Drude model, Eq. (6) indicates that the dynamics of the metal’s electrons
are overdamped in the bulk, while g`m says they oscillate sinusoidally with frequency ω`m. This
comparison makes it clear that confining the electron gas to a sphere gives the dielectric response of
a MNP harmonic oscillator dynamics. Such oscillations are not unique to the existence of a surface.
A similar analysis can be carried out for the case of an electron moving through the bulk, yielding
a response function g˜B(ω) = (ε˜(ω) − 1)/ε˜(ω), which is singular at ωp/√ε∞, the well known bulk
plasmon resonance.
By analogy to Eq. (6), we see that χ`m is the multipolar MNP susceptibility which can be used
in conjunction with Eq. (3) to define the dynamic part of the induced potential,
Φind(r, t) = −V
∑
`m
f`m(r)
∫
dt′dr′χ`m(t− t′)ρext(r′, t′)f∗`m(r′). (7)
Here V = 4pia3/3 is the particle volume and f`m(r) =
√
12pi/(2`+ 1)a`−1r−`−1Y`m(θ, φ). Given the
8form of Eq. (7), it is convenient to define the induced multipole moments
q`m(t) = V
∫
dt′χ`m(t− t′)
∫
dr′ρext(r′, t′)f∗`m(r
′). (8)
Thus from analysis of the Green function, we are now able to understand what is meant by localized
surface plasmons. They are the collective response of the metal’s free carriers, whose nature has
been fundamentally altered by the presence of a confining surface. The LSPs of the sphere have
resonance frequency ω`m independent of ρ
ext, meaning that LSPs are intrinsic to the MNP. The
angular momentum number ` orders the modes by increasing energy and number of nodes in the
surface charge distribution. LSPs with odd ` values are bright, while those with even ` values are
dark. The information encoded in the value of ` is also evident in the spatial profile of the LSP’s
electric field. Figure (3) shows the potentials and electric fields for the ` = 1, 2, 3, and 10 modes.
We see from Eq. (8) that only the amplitude is determined by ρext, meaning that the subset of
LSPs accessible is entirely determined by its form. For example, if we choose ρext = qδ(r− r′) and
place the source charge q far from the MNP, we find that only the ` = 1 term contributes to Eq. (8).
When combined with the instantaneous response, we find that to first order a nanosphere in free
space (εb = 1) is an electric dipole of energy ~ω1m = ~ωp/
√
ε∞ + 2 and a frequency-space dipole
moment
p˜(ω) =
∑
m
q˜1m(ω) = a
3 ε˜(ω)− 1
ε˜(ω) + 2
[
∂
∂r
q
|r− r′|
]
r=0
= α˜CM(ω)|Elocal|. (9)
Here, α˜CM(ω) is implicitly defined as the Clausius−Mossotti polarizabilty [58] of a sphere and |Elocal|
is the electric field magnitude of the source charge evaluated at the origin.
B. Electron Energy-Loss Spectroscopy Theory
We now show that the EEL probability measured in STEM/EELS experiments is directly related
to the Green function calculated above. Intuitively, this should be expected since G(r, r′; t − t′) is
calculated by placing a stationary charge in the vicinity of the MNP, while in STEM/EELS the MNP
interacts with an electron on the trajectory, x(t). This motivates us to choose ρext = qδ(r − x(t)),
and derive the electron’s equation of motion in a background potential determined by Eq. (7). More
specifically, we want the back-force due to the image response of the MNP at the present location of
the electron. Setting the observation coordinate r = x(t) and taking the integral over r′ we obtain
the equation of motion,
mex¨(t) = e
2
∑
`m
[∇f`m(r)]r=x(t) V
∫ t
−∞
dt′χ`m(t− t′)f∗`m(x(t′)), (10)
for q = −|e| and electron mass me. The analysis of the above nonlinear integro-differential equation
can be simplified by exploiting the harmonic oscillator dynamics of the multipole moments defined in
Eq. (8). This allows us to recast Eq. (10) as a set of coupled equations of motion where an effective
LSP coordinate, Q`m = V
∫
dt′χ`m(t− t′)f∗`m(x(t′)), is driven by a force, F`m(t) = e2f`m(x(t)). We
find
x¨(t) = e2
∑
`m [∇f`m(r)]r=x(t)Q`m/me (11)
Q¨`m + γQ˙`m + ω
2
`mQ`m = F`m(t)/m`m, (12)
9with m`m = 4pie
2(2`+ 1)/
[
ω2`mV (`(ε∞ + εb) + εb)
]
, the LSP effective mass. In the limit of γ → 0,
the total energy is
H =
℘2
2me
+
∑
`m
[
P 2`m
2m`m
+
1
2
m`mω
2
`mQ
2
`m
]
−
∑
`m
Q`mF`m(x), (13)
which is the system’s Hamiltonian, from which we can compactly derive Eqs. (11) and (12). Here,
℘ is the electron’s momentum conjugate to x while P`m is conjugate to Q`m. Eq. (13) defines a
mechanical system that has been parameterized to mimic the dynamics of the electron-MNP system.
Using Eq. (13), we are free to calculate corrections to the electron’s trajectory due to the nonlinear
coupling to the LSPs. Such dynamics are important when the energy of the electron is commensurate
with ~ω`m. Fortunately, STEM electrons have energy on the keV scale, three orders of magnitude
greater than that of LSPs. In this limit, the electron beam can be viewed as a bath degree of
freedom, effectively providing the system an infinite source of energy, and we can safely assume that
the electron moves at constant velocity, v = vkˆ. This is the well-known no-recoil limit and amounts
to ignoring ℘2/2me in Eq. (13) and setting x(t) = x0 iˆ + y0jˆ + (℘z/me)tkˆ, where x0 and y0 set the
beam position. This yields
H =
∑
`m
~ω`m
(
b†`mb`m +
1
2
)
−
∑
`m
√
~
2m`mω`m
F`m
(
℘z
me
t;R0
)(
b`m + b
†
`m
)
, (14)
where the impact parameter R0 =
√
x20 + y
2
0 . We have quantized the system by defining bosonic
raising and lowering operators b`m and b
†
`m, leaving an interaction Hamiltonian Hint that couples
the LSP modes to the electron beam.
In this description of the MNP-STEM electron system, an initial LSP state prepared in the
distant past, |ψ(t = −∞)〉, time evolves in the interaction picture with time evolution operator
U(t,−∞) = exp
{
(−i/~) ∫ t−∞ dt′Hint(t′)}, giving
|ψ(t)〉 =
∏
`m
exp
{
β`m(t)b
†
`m − β∗`m(t)b`m
}
|ψ(−∞)〉. (15)
Here, β`m(t) = i
∫ t
−∞ dt
′∑
`m F`m((℘/me)t;R0)e
iω`mt
′
/
√
2~m`mω`m, and we have used b`m(t) =
b`me
−iω`mt [59]. If we assume that the LSP modes are initially in the ground state, Eq. (15) is a
definition of a multimode coherent state with time dependent amplitudes β`m(t). Further recognizing
that the probability for the electron to lose energy to the LSP modes is equal to the probability
for the LSP modes to be found in an excited state gives us a route to calculate the EEL spectrum
[59, 60]. In the steady-state limit (t → ∞), after the electron and MNP have stopped interacting,
the probability of finding the MNP with a particular set of LSP mode occupation numbers is,
P (n10, n11, ..., n`m, ...) = |〈n10, n11, ..., n`m, ...|ψ(∞)〉|2 =
∏
`m
|β`m(∞)|2n`m
n`m!
e−|β`m(∞)|
2
, (16)
that is, the occupation numbers obey Poisson statistics with average |β`m(∞)|2. Interestingly, this
implies that the electron beam has nonzero probability of exciting multiple plasmons in a single
mode, a result that agrees with observation of multiple loss peaks [61]. For simplicity, however, we
restrict ourselves to single quanta loss events, and write the total probability of exciting a single
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plasmon in mode `,m as
P`m(n`m = 1) = |β`m(∞)|2e−|α`m(∞)|2 ≈ |β`m(∞)|2
=
2e2ω`ma
~v2
(aω`m
v
)2` 2`+ 1
(`+m)!(`−m)!
K2m
(∣∣ω`mR0
v
∣∣)
`(ε∞ + εb) + εb
,
(17)
where we assume |βlm(∞)|2  1 since most STEM electrons pass the MNP without interacting,
and we have calculated the Fourier transform of F`m(t), and Km is the modified Bessel function of
the second kind [62].
Eq. (17) can be used to construct the probability density associated with exciting a single plasmon
in any of the MNP modes by weighting the `mth element of the plasmonic density of states (PDOS)
per unit frequency ρ(ω) =
∑
`m ρ`m(ω) =
∑
`m δ(ω − ω`m) by P`m(n`m = 1), yielding
ΓSphEELS(ω) =
∑
`m
P`m(n`m = 1)ρ`m(ω)
=
∑
`m
3e2
~pi2a2v2
(aω
v
)2` K2m (∣∣ωR0v ∣∣)
(`+m)!(`−m)!
[
V pi(2`+ 1)ω2`m
`(ε∞ + εb) + εb
δ(ω2 − ω2`m)
]
γ 6=0−→
∑
`m
3e2
~pi2a2v2
(aω
v
)2` K2m (∣∣ωR0v ∣∣)
(`+m)!(`−m)! Im {V χ˜`m(ω)}
(18)
where we have used the relations δ(ω − ωi) + δ(ω + ωi) = 2ωiδ(ω2 − ω2i ) and Im(ω − ωi ± iγ)−1 =
∓piδ(ω − ωi). Note, that since Im{V χ˜} = 4piIm{α˜}/3, where α˜ is the generalized polarizabilty of
the MNP, we recover the expression found in reference [45].
In the nonrelativistic limit, v < 0.1c, the EEL probability P`m is the integral of ΓEELS(ω) over
frequency bins of width determined by the spectral resolution of the STEM. Eq. (18) further shows
that EELS probes the PDOS with weights dependent on the velocity and location of the electron
beam, a result we may have expected based on intuition developed with the Green function. Some-
what surprisingly, the EEL probability also depends on the radius of the nanosphere even though,
in the quasistatic limit, the PDOS does not. Eq. (18) has a complex dependence on these three
experimentally tunable parameters, and different choices of beam position, velocity, and nanosphere
size often yield EEL spectra dominated by different LSP modes [60]. Examples of this are shown ex-
plicitly in Figure 4 where the loss probabilities of Ag nanospheres are plotted alongside the PDOS.
Although the peaks do not move from spectrum to spectrum, their heights can change dramatically.
This high dimensional parameter space is a unique feature of EELS, and for this reason, great care
must be taken when interpreting EEL spectra.
C. Numerical Methods
Although nanospheres offer a simple starting point for understanding EELS, modeling experiment
often requires a quantitative description of more complicated nanostructures. As a result, numerical
techniques for solving Maxwell’s equations sourced by the electron beam have become an indis-
pensable tool for studying EELS. Broadly speaking, these methods approximate the nanostructure’s
continuous degrees of freedom by a discrete set, thereby converting Maxwell’s equations into a set
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FIG. 4: Plasmonic density of states (PDOS) and EEL probability per unit energy of Ag nanospheres. All
calculations assume a Drude model with ε∞ = 5.7, ωp = 9.3 eV and γ = 0.01 eV, and all plots were made
by summing the appropriate expression for the first ` = 20 terms. (a) The Ag nanosphere PDOS exhibits
bunching near 3.72 eV, the SPP energy of a Ag/vacuum plane interface, which is also the ` → ∞ limit of
ω`m. (b)-(d) EEL probability density for Ag nanosphere excited by a passing electron for varying size, speed
(measured relative to the speed of light, c), and impact parameter. Depending on the relative values of these
parameters, the electron beam will preferentially interact with a subset of modes found in the PDOS. Note
the dominance of the dipole ` = 1 mode when R0 = 205 nm and a = 5 nm, in contrast to the dominance of
the SPP type mode when a = 100 nm and R0 − a = 1 nm.
of algebraic relations that can be solved numerically. This discretization procedure is not unique,
and a number of approaches exist. An in-depth comparison of different methods is beyond the scope
of this review, and we instead focus introducing reference materials for three of the most popular
methods in EELS.
The discrete dipole approximation (DDA) is due to Purcell and Pennypacker [63], who showed
that the scattering properties of a target can be approximated by treating it as a finite set of
coupled dipoles, which are polarized by external sources. For EELS purposes, the electron-driven
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discrete dipole approximation (e-DDA) [64] is an open source software package that incorporates
the electron beam into the DDA based scattering code DDSCAT [65]. This approach has a track
record of excellent agreement with experiments [66–69], and its efficiency and implementation is a
topic of current research [70–72].
Another approach using the boundary element method (BEM) [73] is implemented in the Matlab
based package metal-nanoparticle BEM (MNPBEM) [74, 75]. Here, Maxwell’s equations are written
in terms of surface integrals, and the effect of the electron beam is computed by considering the
response of a discretized surface charge distribution [76–78]. This approach has had wide success as
well [79, 80], and MNPBEM is rapidly being improved to include other EELS related experiments
[81].
The finite-difference time-domain method (FDTD) method is based on the Yee algorithm [82],
which uses staggered space and time grids for electric and magnetic fields respectively, ensuring that
this discretization satisfies Gauss’ law [83]. FDTD is the most widely used numerical approach to
Maxwell’s equations, and it is well documented [83]. There are many open source and commercial
implementations of FDTD and some have started to model EELS explicitly [84, 85].
Researchers have also modeled EELS using T-matrix approaches [86], generalized multipole tech-
niques [87], discontinuous Galerkin methods [88], and density functional theory (DFT) [89], all with
various degrees of success. It is important to note that, for a particular problem, some methods are
better than others, and when deciding which to use, it is often illuminating to compare results from
several methods.
III. LOCALIZED SURFACE PLASMON MODE MAPPING
Traditional EELS acquires a spectrum at a fixed beam position leaving loss energy as the only
independent variable. While this approach has been used successfully for decades, it is not able to
visualize the spatial profile of the electric field of plasmonically active MNPs. Alternatively, as was
illustrated in Figure 2, the SI mode links the loss spectrum to the electron beam’s spatial coordinates.
The data can be re-interpreted to visualize the 2-D spatial profile of the loss probability at a given
energy. Figure 2(c) illustrates the generation of a dipolar LSP mode map from a spectrum image.
As noted by several authors [90, 91], some caution must be taken when interpreting mode maps
due to the nature of the EELS experiment. In EELS, the electron beam is the excitation source
as well as the measurement probe, and therefore EELS is only proportional to the magnitude of
the electron-induced electric field at the location of that same electron. Effectively, this means that
mode maps do not directly correlate to the LSP’s electric field, but rather to a spatial average of
its electric field magnitude in the plane normal to the electron beam’s trajectory. This is true at
all points in space except where excitation of the mode is disallowed due to electron-beam imposed
selection rules, where the loss probability is zero. For certain geometries, such as particles with
edges and corners, there is no qualitative difference between mode maps and the electric field. But
in systems with a high degree of symmetry, such as spheres, or multi-particle systems with junctions,
some care must be taken since not all regions in space with zero loss probability correlate with zero
electric field. Figure 5 compares loss probability maps to electric field magnitude plots of selected
nanoparticle systems.
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Though the basic science needed to create mode maps has been around for decades, it was not
until 2007 that Nelayah et al. were able to image the LSP modes of Ag nanoprisms [92]. This
technique was quickly improved upon and applied to a variety of particles such as nanorods [93–
95], nanodecahedra [96], nanodisks [97, 98], nanocubes [99, 100], truncated nanospheres [101] and
multi-nanoparticle systems [102–105]. Mode maps allow researchers to experimentally visualize the
near-field character of LSPs and correlate the near-field profile of LSPs to nanoparticle geometry,
something that previously required the use of theory. Despite these successes, due to the limitations
of 2-D mode maps, the behavior of the system in the direction parallel to the electron beam remains
unknown in most EELS experiments. However, in some situations, such as that of a nanoparticle
sitting on a dielectric substrate, two dimensions is insufficient. Specifically, substrates are known
to induce LSP mode splitting, a phenomenon often accompanied by plasmon localization in the
direction normal to the substrate, which can be visulized only with the development of 3-D mode
mapping technology. Given that all systems studied in the STEM must be placed on a substrate,
this effect can play a central role in the analysis of STEM/EELS experimental data.
Substrate-induced mode splitting can be interpreted as the mixing of initially uncoupled LSP
modes via the dielectric response of the substrate. This mechanism was used to explain the EELS
spectra of a nanocube on a dielectric substrate, where the dipole and quadrupole corner modes
renormalize into vacuum and substrate localized dipole modes [106–108]. Due to the limitations
of 2-D LSP mode mapping, this effect could not be directly visualized and therefore could only be
inferred through the aid of theory and simulation.
Recently, Midgley and co-workers [109] showed how 2-D LSP mode mapping can be improved
upon by combining EELS with electron tomography. They showed that by collecting EELS spectra
on a tilted platform over many angles, it was possible to construct 3D mode maps. To showcase
the usefulness of this technique, they studied a Ag nanocube on a silicon nitride substrate and
acquired EELS spectral images for every 15◦ of tilt. This allowed them to build a 3-D spatial profile
of the nanoparticle’s LSP modes as well as directly image substrate-induced mode splitting in Ag
nanocubes. They found that the LSP modes of the nanocube are, as predicted by theory, quite
complex due to the degeneracy of modes with differing spatial profiles. The energetic evolution
of nanocube LSP modes does not follow the usual low energy dipole to higher energy multipole
trend found in simpler geometries. The modes of a nanocube can be classified into sets of corner,
edge and face modes, with each set having its own energy ordering that obeys the usual multipolar
progression. The effect of the substrate is to create new sets of modes that are linear combinations
of the free-space modes. Midgley et. al. defines five sets of modes, grouped according to their
energetic overlap as α, β, γ, δ, and ε. Mode maps for each set are shown from five viewing angles in
Figure 6, highlighting the importance of tomographic imaging in the characterization of complex
geometries.
IV. ENERGY TRANSFER
One of the open challenges in plasmonics is to develop a complete understanding of competing
energy transfer mechanisms between a MNP and its environment. In particular, the use of plasmonic
particles in conventional solar energy harvesting devices, which are based on the use of semiconduc-
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FIG. 5: LSP mode map compared to the plane-wave induced electric field magnitude at the same loss-energy
value for: (a) the dipole plasmon of a Ag truncated nanosphere. Note the radial symmetry of the mode map
in contrast to the nodal structure seen in the electric field plot. Reproduced with permission from Reference
[101]. Copyright 2015 American Chemical Society. (b) the dipole plasmon of a Ag nanorod. The mode
map and electric field magnitude share a similar spatial profile due to the reduced symmetry of the system.
(c) the collective dipole plasmon of a Ag nanorod dimer. Note the similarity between the two ends of the
rod in contrast to anti-correlation of the two in the junction. Reproduced with permission from Reference
[64]. Copyright 2012 American Chemical Society. (d) the collective dipole plasmon of a silver nanoparticle
aggregate that serves as a plasmonic antenna for single-molecule SERS. While the locations of high electric
field strength and high EEL probability are not spatially co-located, Mirsaleh-Kohan et al. demonstrated
that they are correlated nonetheless [104] in agreement with prediction [64].
tors with optical frequency band-gaps, has generated a significant amount of interest in recent years
[110]. While traditional solar devices are becoming increasingly more efficient and affordable, the
underlying semiconductor physics of these devices limits their effectiveness to a relatively narrow
band of the available solar spectrum. Searching to overcome these limitations, researchers have used
the unique optical properties of LSPs to improve energy-harvesting efficiency by embedding MNPs
into solar devices.
The overall efficiency of the device could be enhanced via one or more of the following mech-
anisms: (1) Photon-LSP scattering, which increases the likelihood of photon absorption by the
semiconductor [111, 112]; (2) Plasmon-induced resonance energy transfer (PIRET), which occurs
between an LSP and the interband transition dipole moment of the semiconductor [113, 114]; (3)
Hot electron injection generated through the decay of an LSP into an electron-hole pair, a process
known as direct electron transfer (DET) [113, 115–118]. PIRET requires spectral overlap between
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FIG. 6: LSP components and tomographic EELS maps of a Ag nanocube. (a) Spectral components for five
major surface excitations (α, β, γ, δ and ε) produced by the NMF method, in order of increasing energy
loss. (b) Normalized EELS maps corresponding to the five NMF components shown on the left. Reproduced
with permission from Reference [109] . Copyright 2013 Nature Publishing.
the LSP emission and the semiconductor absorption [113–115], while DET is only available when
the hot electron is energetic enough to overcome the Schottky barrier at the interface [113–119].
Mechanism (1) is only effective at energies above the band-gap, whereas it has been suggested that
mechanism (2) and (3) allow for energy transfer to occur below and above the band-gap energies
[113–115, 119, 120], thereby widening the amount of the solar spectrum accessible to the device
[7, 120–126]. While the unique optical properties of plasmonic nanoparticles have been harnessed to
greatly enhance the sensitivity of Raman and fluorescence spectroscopies [2], achieving comparable
gains in plasmon-enhanced photovoltaics and photocatalysis remain elusive.
In a recent work by Li et al., mode maps proved to be an ideal way to image the spatial profile
of energy transfer between a MNP and a semiconductor [127]. Using 3-D STEM/EELS to exam-
ine the Ag nanocube@substrate system [106–108], they performed experiments on nearly-identical
nanocubes on three different substrates: one insulating (SiO2) and two semiconducting; boron phos-
phide (BP) and amorphous silicon (a-Si). Figure 7 displays the results for two of the three systems
systems considered. They found that the cube@SiO2 system exhibits typical top/bottom plasmon lo-
calization expected of substrate-dressed LSPs, in agreement with previous studies of cube@insulator
systems. Specifically, the corner D mode is substrate-localized while its quadrupole-like counterpart
(Q mode) exhibits vacuum localization. The two cube@semiconductor systems show almost zero
EEL probability at the proximal corners, in sharp contrast to the D mode of the cube@SiO2 system.
From the energetic point of view, this effect is observed as linewidth broadening in the EELS spec-
trum, and was attributed to plasmonic energy transfer from the nanocubes to the semiconducting
substrates. This work extends the use of LSP mode mapping beyond the usual mode characteriza-
tion to the study of energy transfer, allowing researchers to probe not only the amount of energy
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FIG. 7: Mapping energy transfer with STEM/EELS. (a) HAADF images of two tilted Ag
nanocube@substrate systems. The red and blue dots represent near-substrate and near-vacuum corners,
respectively. (b) Experimental D-mode EELS maps. The cube@SiO2 (insulator) system exhibits typical
substrate-localization of the D mode, meaning that no energy transfer occurs in the system. By contrast,
the near-zero EEL probability in the D mode map at the cube@a-Si (semiconductor) interfaces is a sig-
nature of energy transfer to the substrate. (c) Simulated EEL D mode maps of the cube@insulator and
cube@semiconductor systems agree with the experiments. Reproduced with permission from Reference
[127]. Copyright 2015 American Chemical Society.
transfer occurring in the system but also where energy transfer occurs with nanoscale resolution.
V. QUANTUM EFFECTS
Quantum effects in plasmonics can broadly separated into two categories: effects arising from
the quantum nature of photons and effects arising from the quantum properties of electrons. The
latter category are strongly dependent on nanoparticle size and shape through the electron wave
function and are often called quantum size effects [1, 128]. Included in this category are electron
tunneling, spill-out effects, and plasmon-induced hot electron generation, many of which have been
successfully probed using an electron beam [129–132]. Meanwhile, in the first category, effects
are often well understood by describing the LSP as a photon trapped in a lossy, dielectric cavity
[128, 133]. Experimental studies of these effects have considered plasmonic particles excited by
quantum states of light and have shown that quantum coherences are retained in photon-plasmon-
photon conversion processes [134–137]. Research on these effects is proceeding rapidly [138] but
electron-beam based studies have only just begun [139].
Quantum size effects have received interest due to the potential use of nanoparticles in quantum
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a b c
FIG. 8: Experimentally determined LSP energies (black dots) overlaid on the absorption spectra generated
from the (a) analytic and (b) DFT-derived model of the permittivity. Experimental bulk plasmon energies
(grey dots) and theoretically predicted values (grey line) are also included. Results from classical theory are
indicated with a dashed white line. The experimental results significantly deviate from the classical models
for particles smaller than ∼10 nm in size, indicating the presence of the quantum size effects. Reproduced
with permission from Reference [130]. Copyright 2012 Nature Publishing. (c) EEL spectra acquired with
the electron beam placed at one end of a 9-nm-diameter silver homodimer. The electron beam exerts a
force on the system, thereby reducing the gap between the MNPs. When the gap is ∼0.5 nm, we see the
signature of an electron tunneling event in the EEL spectrum. Reproduced with permission from Reference
[131]. Copyright 2013 American Chemical Society.
optoelectronic devices and biomedical applications, where small sizes are necessary in order to in-
tegrate plasmonics into cells [140, 141]. Historically these effects were first studied by Kawabata
and Kubo [142], whose linear response theory was extended by Rechsteiner and Smithard [143] to
predict a blueshift in the absorption spectrum of fine spherical particles (under 10 nm in size). This
prediction was in contrast to the expected result from classical Mie theory, which predicts a de-
creasing mode energy as particle size decreases. Most theoretical studies since Kawabata and Kubo
have qualitatively reproduced this result from different considerations (including modern DFT ap-
proaches) [1, 130], but a few have not [144, 145]. Conclusive experimental observation one way or
the other remained ellusive for many years, mostly due to the limitations of the far-field probes and
the decreasing intensity of scattering and absorption signals of small particles.
Electron energy-loss experiments have since settled the debate. In 1992, Ouyang et al. became the
first to study small silver particles (hemispheres, in this case) with EELS and report a blue shift in
LSP energy as particle diameter dropped below 10 nm all the way to 4 nm [129]. Later, Dionne and
co-workers studied small silver spheres ranging from 1.7 nm to 20 nm [130]. This experiment also
conclusively shows deviations from classical physics by reporting a blue shift from 3.3 eV to 3.8 eV
(Figure 8 (a) and (b)). Interestingly, they report that the bulk plasmon energy also experiences
a 0.1 eV blueshift when the particle is smaller than 6 nm in size. Dionne et al. went further
to compare their experiment to semiclassical theory and DFT calculations, and both theoretical
approaches agreed excellently with the experiment. The main results are shown in Figure 8, which
compares the experiment to both theories. In 2013, Dionne et al. applied these same methods to
study to quantum-sized dimer systems and measured the signature of a tunneling event between Ag
particles [131] in the EELS spectrum (Figure 8(c)). They found that electric-field enhancements
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resulting from the hybridized bright mode would saturate when the inter-particle spacing decreases
to 0.5 nm. At these separation distances, they argue that a charge transfer LSP mode is formed
due to quantum tunneling, resulting in distinct features in the EELS spectrum. In 2014, Nijhuis
and co-workers demonstrated the control over the quantum tunneling effect by bridging two Ag
nanocubes with a self-assembled molecular monolayer [146]. By changing the molecular monolayer
from saturated, aliphatic 1,2-ethanedithiolates (EDT) to aromatic 1,4-benzenedithiolates (BDT)
while measuring EELS spectra, they found that the energy of the charge transfer mode shifted from
about 1.0 to 0.6 eV. Also in 2013, an EELS study by Li and colleagues reported on electron tunneling
in Au nanoprism dimer systems [147].
VI. BEYOND EELS: CATHODOLUMINESCENCE AND ELECTRON ENERGY-GAIN
SPECTROSCOPY
Other forms of electron spectroscopy offering additional and complementary information to EELS
have been realized in the STEM and scanning electron microscope (SEM). In the past several years,
new measurement techniques based on cathodoluminescence (CL) [148–153] and electron energy-
gain spectroscopy (EEGS) [61, 154, 155] have provided a deeper understanding of nanoscale optical
processes involving surface plasmons.
CL is the light emission from a material excited by electron impact. In particular, the electron
beam can be used to excite LSPs in MNP systems, which then radiate to the far-field if they are
bright. This radiation can be focused onto an imaging detector by a parabolic mirror, and its
intensity as a function of frequency can be organized into a CL spectrum. When this spectrum is
normalized to the intensity of the incident electron beam, it is a measure of the system’s probability
to emit a photon of a particular color at a particular beam position. As the electron beam is rastered
across the target, CL photons can be collected at each spatial point and organized into a CL map
analogous to the EEL mode maps discussed previously. The CL and EEL maps are complementary;
they give similar spatial information but yield added information about the mode’s parity as only
bright modes will emit photons. Since EELS probes all modes, CL is especially well-suited for
determining LSP parities in complex nanoparticle aggregates. Figure 9 (a) shows a correlated
study of LSPs in triangular Au nanoprims using EELS and CL [153].
The roles of the electron beam and photon as pump and probe can be reversed. This is the
central concept in EEGS, where the MNP system is pumped by light at a particular frequency
and then probed by the electron beam. In this setup, the passing electron can gain energy as a
result of interaction with the excited LSP, and this energy gain can be plotted as a function of
excitation frequency to yield an EEG spectrum. In contrast to EELS, the incident light in EEGS
can be used to target a specific LSP mode, yielding spectra with energy resolution determined
only by the linewidth of the incident light, which is often lower than what is achievable in most
STEMs. Since the light source can be polarized, rastering the electron-beam to produce an EEG
map revealing the nodal structure of the LSP mode’s electric-near field. Recently, Zewail and co-
workers [61, 154, 156] demonstrated that EEGS can be initiated with optical pulses, allowing them
to measure LSP properties as a function of space (beam position) and delay time between the optical
pulse and electron probe. This new technique, called photon-induced near-field electron microscopy
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FIG. 9: Comparing EELS, CL, and PINEM. (a) In a correlated study of Au nanoprisms, CL and EELS
were applied to the same nanoparticle, revealing the complementary information contained in each. Kociak
and co-workers have demonstrated that the EEL and CL maps are nearly identical when evaluated at the
same LSP energy. Reproduced with permission from Reference [153]. Copyright 2015 American Chemical
Society. (b) Zewail and co-workers use PINEM, an electron energy gain experiment with pulsed laser source,
to demonstrate the emergence of interference phenomena as two silver nanoparticles are brought into close
proximity. PINEM allows maps to be generated at fixed polarization, preserving a signature of the nodal
structure of the plasmonic near-field. Reproduced with permission from Reference [156]. Copyright 2012
American Chemical Society.
(PINEM), offers picosecond time resolution in addition to the sub-nanometer spatial resolution
familiar to EELS. An example of using PINEM to interrogate the coupling between two neighboring
nanoparticles is shown in Figure 9 (b).
By adding the radiation field’s energetic contributions to Eq. (13), both CL and EEGS can be
modeled with the theory presented in Section 2. Given this new Hamiltonian, which incorporates
plasmonic coupling to photons, the CL and EEG spectra can be thought of as second-order processes
and calculated with perturbation theory. Garc´ıa de Abajo and co-workers [157] calculate the EELS,
CL, and EEGS probability densities for the dipole (` = 1) LSP of a sphere. They find
ΓEELS(ω) =
4e2ω2
pi~v4γ2
[
K21
(∣∣∣∣ωR0vγ
∣∣∣∣)+ 1γ2K20
(∣∣∣∣ωR0)vγ
∣∣∣∣)] Im {α˜(ω)} (19)
ΓCL(ω) =
8e2ω5
3pi~c3v4γ2
[
K21
(∣∣∣∣ωR0vγ
∣∣∣∣)+ 1γ2K20
(∣∣∣∣ωR0vγ
∣∣∣∣)] |α˜(ω)|2 (20)
ΓEEGS(ω) =
8pie2ω2
~2v4cγ2
I0K
2
1
(∣∣∣∣ωR0vγ
∣∣∣∣) |α˜(ω)|2δ(ω − ωi), (21)
where γ = 1/
√
1− v2/c2 accounts for relativistic corrections and I0 is the intensity of the driv-
ing laser field. Comparison of the three rates shows that although each has a different frequency
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dependent prefactor, all three inherit their peak structure from the complex poles of the MNP po-
larizability α˜(ω). Thus, although there are relative shifts in the spectra from each of the three
experiments, they measure the same plasmon resonances inherent to a particular nanostructure.
Indeed, in a recent paper by Kociak and co-workers [153], generalizations of these analytic results
for arbitrary geometries [158] are used as a means to discuss the similarities and differences between
CL and EELS. They find that CL and EELS are the near-field analogs to optical scattering and
absorption respectively, and they emphasize that the peaks in EEL and CL spectra will not align
due to differing dependence on frequency and damping. They also conclude that both ΓCL and
ΓEELS have the same complex pole structure, and therefore measure the same plasmon resonances
of a given MNP system.
VII. CONCLUSION
In this review we have discussed the historical origins of EELS and plasmons, we have presented an
intuitive approach to the theory of surface plasmons and their interaction with energetic electrons,
and have we have highlighted cutting-edge experiments published over the past five years that go
beyond the simple characterization of LSP modes. The future of STEM/EELS as a window into
the nanoscopic world is especially promising, and we expect continued advances in the molecular,
optical, materials, information, and energy sciences as a result.
EELS benefits from the highly localized field of a relativistic electron, which drastically relaxes
selection rules while also driving the sample with a broad range of frequencies. When EELS is
performed in a scanning transmission electron microscope, it is capable of reaching sub-nanometer
spatial resolution and up to ∼10 meV spectral resolution. Enormous improvements in electron
monochromators and spectrometers and powerful numerical tools to simulate electron-plasmon in-
teractions have placed STEM/EELS at the forefront of nanoscience.
DISCLOSURE STATEMENT
The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.
ACKNOWLEDGMENTS
This work was supported by the U.S. National Science Foundation’s CAREER program under
award number CHE- 1253775 and through XSEDE resources under award number PHY-130045
(D.J.M.) and the NSF Graduate Research Fellowship Program under award number DGE-1256082
(N.T.). This work was also supported by the U.S. Department of Energy, Basic Energy Sciences
under award number de-sc0010536 (J.P.C., G.L.). G.L. was supported by a Center for Sustainable
Energy at Notre Dame postdoctoral fellowship. C.C. would like to thank Professor D. H. Dunlap
from the University of New Mexico for his review of the manuscript and insightful comments. C.C.
would also like to thank Mr. Nicholas Montoni for aiding in locating certain references and Dr.
21
Robert Cook for his feedback on the theory section. D.J.M. would like to thank Dr. Mathieu
Kociak from the Laboratoire de Physique des Solides for a careful reading of the manuscript.
[1] U. Kreibig and L. Genzel, “Optical absorption of small metallic particles,” Surf. Sci., vol. 156, pp. 678–
700, 1985.
[2] D. L. Jeanmaire and R. P. Van Duyne, “Surface raman spectroelectrochemistry: Part i. heterocyclic,
aromatic, and aliphatic amines adsorbed on the anodized silver electrode,” J. Electroanal. Chem.
Interfacial Electrochem., vol. 84, no. 1, pp. 1–20, 1977.
[3] K. Kneipp, Y. Wang, H. Kneipp, L. T. Perelman, I. Itzkan, R. R. Dasari, and M. S. Feld, “Sin-
gle molecule detection using surface-enhanced Raman scattering (SERS),” Phys. Rev. Lett., vol. 78,
p. 1667, 1997.
[4] S. Nie and E. Sr., “Probing single molecules and single nanoparticles by surface-enhanced raman
scattering,” Science, vol. 275, pp. 1102–6, 1997.
[5] M. D. Malinsky, K. L. Kelly, G. C. Schatz, and R. P. Van Duyne, “Chain length dependence and sensing
capabilities of the localized surface plasmon resonance of silver nanoparticles chemically modified with
alkanethiol self-assembled monolayers,” J. Am. Chem. Soc., vol. 123, no. 7, pp. 1471–1482, 2001.
[6] X. Huang, I. H. El-Sayed, W. Qian, and M. A. El-Sayed, “Cancer cell imaging and photothermal
therapy in the near-infrared region by using gold nanorods,” J. Am. Chem. Soc., vol. 128, no. 6,
pp. 2115–2120, 2006.
[7] S. Linic, P. Christopher, and I. D. B., “Plasmonic-metal nanostructures for efficient conversion of solar
to chemical energy,” Nat. Mater., vol. 10, pp. 911–21, 2011.
[8] J. B. Herzog, M. W. Knight, Y. Li, K. M. Evans, N. J. Halas, and D. Natelson, “Dark plasmons in
hot spot generation and polarization in interelectrode nanoscale junctions,” Nano Lett., vol. 13, no. 3,
pp. 1359–1364, 2013.
[9] D. Go´mez, Z. Teo, M. Altissimo, T. Davis, S. Earl, and A. Roberts, “The dark side of plasmonics,”
Nano letters, vol. 13, no. 8, pp. 3722–3728, 2013.
[10] A. Ahmadivand, N. Pala, and D. O. Gu¨ney, “Enhancement of photothermal heat generation by met-
allodielectric nanoplasmonic clusters,” Opt. Express, vol. 23, pp. A682–A691, 2015.
[11] C. L. Baldwin, N. W. Bigelow, and D. J. Masiello, “Thermal signatures of plasmonic Fano interferences:
Toward the achievement of nanolocalized temperature manipulation,” J. Phys. Chem. Latt., vol. 5,
pp. 1347–1354, 2014.
[12] S. Mukherjee, F. Libisch, N. Large, O. Neumann, L. V. Brown, J. Cheng, J. B. Lassiter, E. A. Carter,
P. Nordlander, and N. J. Halas, “Hot electrons do the impossible: Plasmon-induced dissociation of h2
on au,” Nano Lett., vol. 13, no. 1, pp. 240–247, 2013.
[13] E. Ozbay, “Plasmonics: merging photonics and electronics at nanoscale dimensions,” Science, vol. 311,
no. 5758, pp. 189–193, 2006.
[14] S. A. Maier, Plasmonics: fundamentals and applications. Springer Science & Business Media, 2007.
[15] J. J. Mock, S. J. Oldenburg, D. R. Smith, D. A. Schultz, and S. Schultz, “Composite plasmon resonant
nanowires,” Nano Lett., vol. 2, pp. 465–9, 2002.
[16] W. A. Murray and W. L. Barnes, “Plasmonic materials,” Adv. Mater., vol. 19, pp. 3771–82, 2007.
[17] C. So¨nnichsen and A. P. Alivisatos, “Gold nanorods as novel nonbleaching plasmon-based orientation
sensors for polarized single-particle microscopy,” Nano Lett., vol. 5, pp. 301–4, 2005.
[18] S. Schultz, D. R. Smith, J. J. Mock, and D. A. Schultz, “Single-target molecule detection with non-
bleaching multicolor optical immunolabels,” Proc. Natl. Acad. Sci., vol. 97, pp. 996–1001, 2000.
22
[19] L. S. Slaughter, C. W-s, P. Swanglap, A. Tcherniak, and B. P. e. a. Khanal, “Single-particle spec-
troscopy of gold nanorods beyond the quasi-static limit: Varying the width at constant aspect ratio,”
J. Phys. Chem. C, vol. 114, pp. 4934–8, 2010.
[20] K. Lindfors, T. Kalkbrenner, P. Stoller, and V. Sandoghdar, “Detection and spectroscopy of gold
nanoparticles using supercontinuum white light confocal microscopy,” Phys. Rev. Lett., vol. 93,
p. 037401, 2004.
[21] C. W-s, J. W. Ha, L. S. Slaughter, and S. Link, “Plasmonic nanorod absorbers as orientation sensors,”
Proc. Natl. Acad. Sci., vol. 107, pp. 2781–6, 2010.
[22] S. Berciaud, L. Cognet, G. A. Blab, and B. Lounis, “Photothermal heterodyne imaging of individual
nonfluorescent nanoclusters and nanocrystals,” Phys. Rev. Lett., vol. 93, no. 2574, p. 02, 2004.
[23] P. Ghenuche, S. Cherukulappurath, T. H. Taminiau, N. F. van Hulst, and R. Quidant, “Spectroscopic
mode mapping of resonant plasmon nanoantennas,” Phys. Rev. Lett., vol. 101, no. 1168, p. 05, 2008.
[24] J. Wessel, “Surface-enhanced optical microscopy,” J. Opt. Soc. Am. B, vol. 2, pp. 1538–41, 1985.
[25] L. Duo, P. Biagioni, and M. Finazzi, “Recent developments in linear and nonlinear near-field microscopy
on single plasmonic nanoparticles,” Phys. Status Solidi B, vol. 247, pp. 2040–6, 2010.
[26] J. Olson, S. Dominguez-Medina, A. Hoggard, W. L-y, C. W-s, and S. Link, “Optical characterization
of single plasmonic nanoparticles,” Chem. Soc. Rev., vol. 44, pp. 40–57, 2015.
[27] E. Rudberg, “Characteristic energy losses of electrons scattered from incandescent solids,” Proceedings
of the Royal Society of London. Series A, Containing Papers of a Mathematical and Physical Character,
pp. 111–140, 1930.
[28] G. Ruthemann, “Diskrete energieverluste schneller elektronen in festko¨rpern,” Naturwissenschaften,
vol. 29, no. 42, pp. 648–648, 1941.
[29] D. Bohm and D. Pines, “A collective description of electron interactions: Iii coulomb interactions in a
degenerate electron gas,” Phys. Rev., vol. 92, no. 3, p. 609, 1953.
[30] D. Pines and D. Bohm, “A collective description of electron interactions: Ii collective vs individual
particle aspects of the interactions,” Phys. Rev., vol. 85, no. 2, p. 338, 1952.
[31] P. Drude, “Zur elektronentheorie der metalle,” Ann. Phys., vol. 306, no. 3, pp. 566–613, 1900.
[32] C. Powell and J. Swan, “Origin of the characteristic electron energy losses in magnesium,” Phys. Rev.,
vol. 116, no. 1, p. 81, 1959.
[33] E. Stern and R. Ferrell, “Surface plasma oscillations of a degenerate electron gas,” Phys. Rev., vol. 120,
no. 1, p. 130, 1960.
[34] F. Fujimoto and K.-i. Komaki, “Plasma oscillations excited by a fast electron in a metallic particle,”
Journal of the Physical Society of Japan, vol. 25, no. 6, pp. 1679–1687, 1968.
[35] J. Crowell and R. Ritchie, “Radiative decay of coulomb-stimulated plasmons in spheres,” Phys. Rev.,
vol. 172, no. 2, p. 436, 1968.
[36] T. Kokkinakis and K. Alexopoulos, “Observation of radiative decay of surface plasmons in small silver
particles,” Phys. Rev. Lett., vol. 28, no. 25, p. 1632, 1972.
[37] P. Batson, “Damping of bulk plasmons in small aluminum spheres,” Solid State Commun., vol. 34,
no. 6, pp. 477 – 480, 1980.
[38] P. Batson, “A new surface plasmon resonance in clusters of small aluminum spheres,” J. Microsc.,
vol. 9, no. 3, pp. 277 – 282, 1982.
[39] J. Cowley, “Surface energies and surface structure of small crystals studied by use of a stem instru-
ment,” Surf. Sci., vol. 114, pp. 587 – 606, 1982.
[40] J. M. Cowley, “Energy losses of fast electrons at crystal surfaces,” Phys. Rev. B, vol. 25, pp. 1401–1404,
1982.
[41] C. Colliex, “An illustrated review of various factors governing the high spatial resolution capabilities
in eels microanalysis,” J. Microsc., vol. 18, no. 1 - 4, p. 131 150, 1985.
23
[42] A. Howie and R. H. Milne, “Electron energy loss spectra and reflection images from surfaces,” Journal
of Microscopy, vol. 136, no. 2, pp. 279–285, 1984.
[43] Z. Wang and J. Cowley, “Surface plasmon excitation for supported metal particles,” J. Microsc.,
vol. 21, no. 1, pp. 77–93, 1987.
[44] Z. Wang and J. Cowley, “Excitation of the supported metal particle surface plasmon with external
electron beam,” J. Microsc., vol. 21, no. 4, pp. 335–345, 1987.
[45] F. G. De Abajo, “Optical excitations in electron microscopy,” Rev. Mod. Phys., vol. 82, no. 1, p. 209,
2010.
[46] R. Egerton, Electron energy-loss spectroscopy in the electron microscope. Springer Science & Business
Media, 2011.
[47] M. Kociak, O. Ste´phan, M. G. Walls, M. Tence´, and C. Colliex, “Spatially resolved eels: The spectrum-
imaging technique and its applications,” in Scanning Transmission Electron Microscopy (S. J. Penny-
cook and P. D. Nellist, eds.), pp. 163–205, New York: Springer, 2011.
[48] S. J. Pennycook, M. Varela, A. R. Lupini, M. P. Oxley, and M. F. Chisholm, “Atomic-resolution
spectroscopic imaging: Past, present and future,” J. Electron Microsc., vol. 58, pp. 87–97, 2009.
[49] N. D. Browning, I. Arslan, R. Erni, J. C. Idrobo, and A. e. a. Ziegler, “Monochromators and aberration
correctors: Taking eels to new levels of energy and spatial resolution,” J. Phys. Conf. Ser., vol. 26,
p. 59, 2006.
[50] H. Sawada, N. Shimura, F. Hosokawa, N. Shibata, and Y. Ikuhara, “Resolving 45-pm-separated si-si
atomic columns with an aberration-corrected stem,” Microscopy, vol. 64, pp. 213–7, 2015.
[51] N. Dellby, G. J. Corbin, Z. Dellby, T. C. Lovejoy, and Z. S. Szilagyi, “Tuning high order geometric
aberrations in quadrupole-octupole correctors,” Microsc. Microanal., vol. 20, pp. 928–9, 2014.
[52] O. L. Krivanek, T. C. Lovejoy, N. Dellby, T. Aoki, and R. W. e. a. Carpenter, “Vibrational spectroscopy
in the electron microscope,” Nature, vol. 514, pp. 209–12, 2014.
[53] R. Sachan, A. Malasi, J. Ge, S. Yadavali, H. Krishna, A. Gangopadhyay, H. Garcia, G. Duscher,
and R. Kalyanaraman, “Ferroplasmons: Intense localized surface plasmons in metal-ferromagnetic
nanoparticles,” ACS Nano, vol. 8, no. 10, pp. 9790–9798, 2014. PMID: 25068441.
[54] M. Kociak and O. Stephan, “Mapping plasmons at the nanometer scale in an electron microscope,”
Chem. Soc. Rev., vol. 43, pp. 3865–3883, 2014.
[55] J. Pitarke, V. Silkin, E. Chulkov, and P. Echenique, “Theory of surface plasmons and surface-plasmon
polaritons,” Reports on progress in physics, vol. 70, no. 1, p. 1, 2007.
[56] J. S. Schwinger, W. Tsai, L. L. De Raad, and K. Milton, Classical electrodynamics. Perseus, 1998.
[57] N. W. Ashcroft and N. D. Mermin, “Solid state physics,” Saunders, Philadelphia, p. 293, 1976.
[58] H. Fro¨hlich, “Theory of dielectrics,” 1949.
[59] J. T. Devreese, A. B. Kunz, and T. C. Collins, Elementary Excitations in Solids, Molecules, and Atoms,
vol. 1. Springer Science & Business Media, 1974.
[60] T. L. Ferrell and P. M. Echenique, “Generation of surface excitations on dielectric spheres by an
external electron beam,” Phys. Rev. Lett., vol. 55, pp. 1526–1529, Sep 1985.
[61] B. Barwick, D. J. Flannigan, and A. H. Zewail, “Photon-induced near-field electron microscopy,”
Nature, vol. 462, no. 7275, pp. 902–906, 2009.
[62] T. Ferrell, R. Warmack, V. Anderson, and P. Echenique, “Analytical calculation of stopping power for
isolated small spheres,” Phys. Rev. B, vol. 35, no. 14, p. 7365, 1987.
[63] E. M. Purcell and C. R. Pennypacker, “Scattering and absorption of light by nonspherical dielectric
grains,” Astrophys. J., vol. 186, pp. 705–714, 1973.
[64] N. W. Bigelow, A. Vaschillo, V. Iberi, J. P. Camden, and D. J. Masiello, “Characterization of
the electron-and photon-driven plasmonic excitations of metal nanorods,” ACS nano, vol. 6, no. 8,
pp. 7497–7504, 2012.
24
[65] B. T. Draine and P. J. Flatau, “User guide for the discrete dipole approximation code ddscat 7.3,”
arXiv preprint arXiv:1305.6497, 2013.
[66] N. Geuquet and L. Henrard, “Eels and optical response of a noble metal nanoparticle in the frame of
a discrete dipole approximation,” J. Microsc., vol. 110, no. 8, pp. 1075–1080, 2010.
[67] W.-H. Yang, G. C. Schatz, and R. P. Van Duyne, “Discrete dipole approximation for calculating
extinction and raman intensities for small particles with arbitrary shapes,” J. Chem. Phys, vol. 103,
no. 3, pp. 869–875, 1995.
[68] N. W. Bigelow, A. Vaschillo, J. P. Camden, and D. J. Masiello, “Signatures of fano interferences in
the electron energy loss spectroscopy and cathodoluminescence of symmetry-broken nanorod dimers,”
ACS nano, vol. 7, no. 5, pp. 4511–4519, 2013.
[69] G. Li, C. Cherqui, N. W. Bigelow, G. Duscher, P. J. Straney, J. E. Millstone, D. J. Masiello, and
J. P. Camden, “Spatially mapping energy transfer from single plasmonic particles to semiconductor
substrates via stem/eels,” Nano Lett., vol. 15, no. 5, pp. 3465–3471, 2015.
[70] B. T. Draine and J. Goodman, “Beyond clausius-mossotti-wave propagation on a polarizable point
lattice and the discrete dipole approximation,” Astrophys. J., vol. 405, pp. 685–697, 1993.
[71] B. T. Draine and P. J. Flatau, “Discrete-dipole approximation for scattering calculations,” JOSA A,
vol. 11, no. 4, pp. 1491–1499, 1994.
[72] S.-O. Guillaume, F. J. G. de Abajo, and L. Henrard, “Efficient modal-expansion discrete-dipole approx-
imation: Application to the simulation of optical extinction and electron energy-loss spectroscopies,”
Phys. Rev. B, vol. 88, no. 24, p. 245439, 2013.
[73] W. S. Hall, Boundary element method. Springer, 1994.
[74] U. Hohenester and A. Tru¨gler, “Mnpbem–a matlab toolbox for the simulation of plasmonic nanopar-
ticles,” Comput. Phys. Commun., vol. 183, no. 2, pp. 370–381, 2012.
[75] U. Hohenester, “Simulating electron energy loss spectroscopy with the mnpbem toolbox,” Comput.
Phys. Commun., vol. 185, no. 3, pp. 1177–1187, 2014.
[76] F. G. De Abajo and J. Aizpurua, “Numerical simulation of electron energy loss near inhomogeneous
dielectrics,” Phys. Rev. B, vol. 56, no. 24, p. 15873, 1997.
[77] F. G. de Abajo and A. Howie, “Relativistic electron energy loss and electron-induced photon emission
in inhomogeneous dielectrics,” Phys. Rev. Lett., vol. 80, no. 23, p. 5180, 1998.
[78] F. G. de Abajo and A. Howie, “Retarded field calculation of electron energy loss in inhomogeneous
dielectrics,” Phys. Rev. B, vol. 65, no. 11, p. 115418, 2002.
[79] E. P. Bellido, D. Rossouw, and G. A. Botton, “Toward 10 mev electron energy-loss spectroscopy
resolution for plasmonics,” Microsc. Microanal., vol. 20, pp. 767–778, 6 2014.
[80] A. Ho¨rl, A. Tru¨gler, and U. Hohenester, “Tomography of particle plasmon fields from electron energy
loss spectroscopy,” Phys. Rev. Lett., vol. 111, no. 7, p. 076801, 2013.
[81] J. Waxenegger, A. Tru¨gler, and U. Hohenester, “Plasmonics simulations with the mnpbem toolbox:
Consideration of substrates and layer structures,” Comput. Phys. Commun., vol. 193, pp. 138–150,
2015.
[82] K. S. Yee et al., “Numerical solution of initial boundary value problems involving maxwell’s equations
in isotropic media,” IEEE Trans. Antennas Propag., vol. 14, no. 3, pp. 302–307, 1966.
[83] A. Taflove and S. C. Hagness, Computational Electrodynamics. Artech House, 2005.
[84] A. F. Oskooi, D. Roundy, M. Ibanescu, P. Bermel, J. Joannopoulos, and S. G. Johnson, “Meep: A
flexible free-software package for electromagnetic simulations by the fdtd method,” Comput. Phys.
Commun., vol. 181, no. 3, pp. 687–702, 2010.
[85] Y. Cao, A. Manjavacas, N. Large, and P. Nordlander, “Electron energy-loss spectroscopy calculation
in finite-difference time-domain package,” ACS Photonics, vol. 2, no. 3, pp. 369–375, 2015.
[86] C. Matyssek, V. Schmidt, W. Hergert, and T. Wriedt, “The t-matrix method in electron energy loss
25
and cathodoluminescence spectroscopy calculations for metallic nano-particles,” J. Microsc., vol. 117,
pp. 46–52, 2012.
[87] L. Kiewidt, M. Karamehmedovic´, C. Matyssek, W. Hergert, L. Ma¨dler, and T. Wriedt, “Numerical
simulation of electron energy loss spectroscopy using a generalized multipole technique,” J. Microsc.,
vol. 133, pp. 101–108, 2013.
[88] C. Matyssek, J. Niegemann, W. Hergert, and K. Busch, “Computing electron energy loss spectra with
the discontinuous galerkin time-domain method,” Phot. Nano. Fund. Appl., vol. 9, no. 4, pp. 367–373,
2011.
[89] S. Dudarev, G. Botton, S. Savrasov, C. Humphreys, and A. Sutton, “Electron-energy-loss spectra and
the structural stability of nickel oxide: An lsda+ u study,” Phys. Rev. B, vol. 57, no. 3, p. 1505, 1998.
[90] U. Hohenester, H. Ditlbacher, and J. R. Krenn, “Electron-energy-loss spectra of plasmonic nanoparti-
cles,” Phys. Rev. Lett., vol. 103, p. 106801, Aug 2009.
[91] F. G. de Abajo and M. Kociak, “Probing the photonic local density of states with electron energy loss
spectroscopy,” Phys. Rev. Lett., vol. 100, no. 10, p. 106804, 2008.
[92] J. Nelayah, M. Kociak, O. Stephan, F. J. Garcia de Abajo, and M. e. a. Tence, “Mapping surface
plasmons on a single metallic nanoparticle.,” Nat. Phys., vol. 3, pp. 348–53, 2007.
[93] B. S. Guiton, V. Iberi, S. Li, D. N. Leonard, and C. M. e. a. Parish, “Correlated optical measurements
and plasmon mapping of silver nanorods,” Nano Lett., vol. 11, pp. 3482–8, 2011.
[94] D. Rossouw, M. Couillard, J. Vickery, E. Kumacheva, and G. A. Botton, “Multipolar plasmonic
resonances in silver nanowire antennas imaged with a subnanometer electron probe,” Nano Lett.,
vol. 11, pp. 1499–504, 2011.
[95] I. Alber, W. Sigle, S. Muller, R. Neumann, and O. e. a. Picht, “Visualization of multipolar longitudinal
and transversal surface plasmon modes in nanowire dimers.,” ACS Nano, vol. 5, pp. 9845–53, 2011.
[96] V. Myroshnychenko, J. Nelayah, G. Adamo, N. Geuquet, and J. e. a. Rodriguez-Fernandez, “Plas-
mon spectroscopy and imaging of individual gold nanodecahedra: A combined optical microscopy,
cathodoluminescence, and electron energy-loss spectroscopy study,” Nano Lett., vol. 12, pp. 4172–80,
2012.
[97] F. P. Schmidt, H. Ditlbacher, F. Hofer, J. R. Krenn, and U. Hohenester, “Morphing a plasmonic
nanodisk into a nanotriangle,” Nano Lett., vol. 14, pp. 4810–5, 2014.
[98] S. F. P., H. Ditlbacher, U. Hohenester, A. Hohenau, F. Hofer, and K. J. R., “Dark plasmonic breathing
modes in silver nanodisks,” Nano Lett., vol. 12, pp. 5780–3, 2012.
[99] S. Mazzucco, N. Geuquet, J. Ye, O. Ste´phan, and W. e. a. Van Roy, “Ultralocal modification of surface
plasmons properties in silver nanocubes,” Nano Lett., vol. 12, pp. 1288–94, 2012.
[100] V. Iberi, N. W. Bigelow, N. Mirsaleh-Kohan, S. Griffin, and P. D. J. e. a. Simmons, “Resonance-
rayleigh scattering and electron energy-loss spectroscopy of silver nanocubes,” J. Phys. Chem. C,
vol. 118, pp. 10254–62, 2014.
[101] G. Li, C. Cherqui, Y. Wu, N. W. Bigelow, P. D. J. Simmons, P. D. Rack, D. J. Masiello, and J. P.
Camden, “Examining substrate-induced plasmon mode splitting and localization in truncated ailver
nanospheres with electron energy loss spectroscopy,” J. Phys. Chem. Lett., vol. 6, pp. 2569–76, 2015.
[102] A. L. Koh, A. I. Ferna´ndez-Domı´nguez, D. W. McComb, S. A. Maier, and Y. J. K. W., “High-resolution
mapping of electron-beam-excited plasmon modes in lithographically defined gold nanostructures,”
Nano Lett., vol. 11, pp. 1323–30, 2011.
[103] S. J. Barrow, D. Rossouw, A. M. Funston, G. A. Botton, and P. Mulvaney, “Mapping bright and
dark modes in gold nanoparticle chains using electron energy loss spectroscopy,” Nano Lett., vol. 14,
pp. 3799–808, 2014.
[104] N. Mirsaleh-Kohan, V. Iberi, P. D. J. Simmons, N. W. Bigelow, and A. e. a. Vaschillo, “Single-molecule
surface-enhanced raman scattering: Can stem/eels image electromagnetic hot spots?,” J. Phys. Chem.
26
Lett., vol. 3, pp. 2303–9, 2012.
[105] I. Alber, W. Sigle, F. Demming-Janssen, R. Neumann, and C. e. a. Trautmann, “Multipole surface
plasmon resonances in conductively coupled metal nanowire dimers,” ACS Nano, vol. 6, pp. 9711–7,
2012.
[106] L. J. Sherry, C. S-h, G. C. Schatz, R. P. Van Duyne, B. J. Wiley, and Y. Xia, “Localized surface
plasmon resonance spectroscopy of single silver nanocubes,” Nano Lett., vol. 5, pp. 2034–8, 2005.
[107] S. Zhang, K. Bao, N. J. Halas, H. Xu, and P. Nordlander, “Substrate-induced fano resonances of
a plasmonic nanocube: A route to increased-sensitivity localized surface plasmon resonance sensors
revealed,” Nano Lett., vol. 11, pp. 1657–63, 2011.
[108] E. Ringe, J. M. McMahon, K. Sohn, C. Cobley, and Y. e. a. Xia, “Unraveling the effects of size,
composition, and substrate on the localized surface plasmon resonance frequencies of gold and silver
nanocubes: A systematic single-particle approach,” J. Phys. Chem. C, vol. 114, pp. 12511–6, 2010.
[109] O. Nicoletti, F. de la Pena, R. K. Leary, D. J. Holland, C. Ducati, and P. A. Midgley, “Three-
dimensional imaging of localized surface plasmon resonances of metal nanoparticles,” Nature, vol. 502,
pp. 80–4, 2013.
[110] K. Catchpole and A. Polman, “Plasmonic solar cells,” Optics express, vol. 16, no. 26, pp. 21793–21800,
2008.
[111] D. M. Schaadt, B. Feng, and E. T. Yu, “Enhanced semiconductor optical absorption via surface
plasmon excitation in metal nanoparticles,” Appl. Phys. Lett., vol. 86, p. 063106, 2005.
[112] K. Nakayama, K. Tanabe, and H. A. Atwater, “Plasmonic nanoparticle enhanced light absorption in
gaas solar cells,” Appl. Phys. Lett., vol. 93, p. 121904, 2008.
[113] J. Li, S. K. Cushing, J. Bright, F. Meng, and T. R. e. a. Senty, “Ag@cu2o core-shell nanoparticles as
visible-light plasmonic photocatalysts,” ACS Catal., vol. 3, pp. 47–51, 2012.
[114] S. K. Cushing and N. Wu, “Plasmon-enhanced solar energy harvesting,” Interface, vol. 22, pp. 63–7,
2013.
[115] S. K. Cushing, J. Li, F. Meng, T. R. Senty, and S. e. a. Suri, “Photocatalytic activity enhanced
by plasmonic resonant energy transfer from metal to semiconductor,” J. Am. Chem. Soc., vol. 134,
pp. 15033–41, 2012.
[116] C. Clavero, “Plasmon-induced hot-electron generation at nanoparticle/metal-oxide interfaces for pho-
tovoltaic and photocatalytic devices,” Nat. Photonics, vol. 8, pp. 95–103, 2014.
[117] M. L. Brongersma, N. J. Halas, and P. Nordlander, “Plasmon-induced hot carrier science and technol-
ogy,” Nat. Nanotechnol., vol. 10, pp. 25–34, 2015.
[118] A. Hoggard, W. L-y, L. Ma, Y. Fang, and G. e. a. You, “Using the plasmon linewidth to calculate
the time and efficiency of electron transfer between gold nanorods and graphene,” ACS Nano, vol. 7,
pp. 11209–17, 2013.
[119] J. Li, S. K. Cushing, P. Zheng, F. Meng, D. Chu, and N. Wu, “Plasmon-induced photonic and energy-
transfer enhancement of solar water splitting by a hematite nanorod array,” Nat. Commun., vol. 4,
p. 2651, 2013.
[120] Z. W. Seh, S. Liu, M. Low, Z. S-y, and Z. e. a. Liu, “Janus au-tio2 photocatalysts with strong
localization of plasmonic near-fields for efficient visible-light hydrogen generation,” Adv. Mater., vol. 24,
pp. 2310–4, 2012.
[121] Y. Tian and T. Tatsuma, “Plasmon-induced photoelectrochemistry at metal nanoparticles supported
on nanoporous tio2,” Chem. Commun., vol. 16, pp. 1810–1, 2004.
[122] A. Furube, L. Du, K. Hara, R. Katoh, and M. Tachiya, “Ultrafast plasmon-induced electron transfer
from gold nanodots into tio2 nanoparticles,” J. Am. Chem. Soc., vol. 129, pp. 14852–3, 2007.
[123] Z. Liu, W. Hou, P. Pavaskar, M. Aykol, and C. S. B., “Plasmon resonant enhancement of photocatalytic
water splitting under visible illumination,” Nano Lett., vol. 11, pp. 1111–6, 2011.
27
[124] P. A. DeSario, J. J. Pietron, D. E. DeVantier, T. H. Brintlinger, R. M. Stroud, and R. D. R., “Plas-
monic enhancement of visible-light water splitting with au-tio2 composite aerogels,” Nanoscale, vol. 5,
pp. 8073–83, 2013.
[125] J. S. DuChene, B. C. Sweeny, A. C. Johnston-Peck, D. Su, E. A. Stach, and W. W. D., “Prolonged
hot electron dynamics in plasmonic-metal/semiconductor heterostructures with implications for solar
photocatalysis,” Angew. Chem. Int. Ed., vol. 53, pp. 7887–91, 2014.
[126] T. Kawawaki, Y. Takahashi, and T. Tatsuma, “Enhancement of dye-sensitized photocurrents by gold
nanoparticles: Effects of plasmon coupling,” J. Phys. Chem. C, vol. 117, pp. 5901–7, 2013.
[127] G. Li, C. Cherqui, N. W. Bigelow, G. Duscher, and P. J. e. a. Straney, “Spatially mapping energy
transfer from single plasmonic particles to semiconductor substrates via stem/eels,” Nano Lett., vol. 15,
pp. 3465–71, 2015.
[128] M. Tame, K. McEnery, S¸. O¨zdemir, J. Lee, S. Maier, and M. Kim, “Quantum plasmonics,” Nature
Phys., vol. 9, no. 6, pp. 329–340, 2013.
[129] F. Ouyang, P. E. Batson, and M. Isaacson, “Quantum size effects in the surface-plasmon excitation
of small metallic particles by electron-energy-loss spectroscopy,” Phys. Rev. B, vol. 23, pp. 15421–5,
1992.
[130] J. A. Scholl, A. L. Koh, and D. J. A., “Quantum plasmon resonances of individual metallic nanopar-
ticles,” Nature, vol. 483, pp. 421–U68, 2012.
[131] J. A. Scholl, A. Garcia-Etxarri, A. L. Koh, and D. J. A., “Observation of quantum tunneling between
two plasmonic nanoparticles,” Nano Lett., vol. 13, pp. 564–9, 2013.
[132] Y. Wang, J. Kim, G. Kim, and K. S. Kim, “Quantum size effects in the volume plasmon excitation
of bismuth nanoparticles investigated by electron energy loss spectroscopy,” Appl. Phys. Lett., vol. 88,
no. 14, pp. 143106–143106, 2006.
[133] N. Thakkar, C. Cherqui, and D. J. Masiello, “Quantum beats from entangled localized surface plas-
mons,” ACS Photonics, vol. 2, no. 1, pp. 157–164, 2015.
[134] J. S. Fakonas, H. Lee, Y. A. Kelaita, and H. A. Atwater, “Two-plasmon quantum interference,” Nature
Photon., vol. 8, no. 4, pp. 317–320, 2014.
[135] G. Fujii, D. Fukuda, and S. Inoue, “Direct observation of bosonic quantum interference of surface
plasmon polaritons using photon-number-resolving detectors,” Phys. Rev. B, vol. 90, no. 8, p. 085430,
2014.
[136] G. Di Martino, Y. Sonnefraud, M. S. Tame, S. Ke´na-Cohen, F. Dieleman, S¸. O¨zdemir, M. Kim, and
S. A. Maier, “Observation of quantum interference in the plasmonic hong-ou-mandel effect,” Phys.
Rev. Appl., vol. 1, no. 3, p. 034004, 2014.
[137] Y.-J. Cai, M. Li, X.-F. Ren, C.-L. Zou, X. Xiong, H.-L. Lei, B.-H. Liu, G.-P. Guo, and G.-C. Guo,
“High-visibility on-chip quantum interference of single surface plasmons,” Phys. Rev. Appl., vol. 2,
no. 1, p. 014004, 2014.
[138] M. Otten, R. A. Shah, N. F. Scherer, M. Min, M. Pelton, and S. K. Gray, “Entanglement of two, three,
or four plasmonically coupled quantum dots,” Physical Review B, vol. 92, no. 12, p. 125432, 2015.
[139] “Single-photon generation by electron beams,” Nano Lett., vol. 11, no. 12, pp. 5099–5103, 2010.
[140] L. Cognet, C. Tardin, D. Boyer, D. Choquet, P. Tamarat, and B. Lounis, “Single metallic nanoparticle
imaging for protein detection in cells,” Proc. Natl. Acad. Sci., vol. 100, pp. 11350–5, 2003.
[141] M. Hu, J. Chen, L. Z-y, L. Au, and G. V. Hartland, “Gold nanostructures: engineering their plasmonic
properties for biomedical applications,” Chem. Soc. Rev., vol. 35, pp. 1084–94, 2006.
[142] A. Kawabata and R. Kubo, “Electronic properties of fine metallic particles. ii. plasma resonance
absorption,” J. Phys. Soc. Jpn., vol. 21, no. 9, pp. 1765–1772, 1966.
[143] J.-D. Ganiere, R. Rechsteiner, and M.-A. Smithard, “On the size dependence of the optical absorption
due to small metal particles,” Solid State Commun., vol. 16, no. 1, pp. 113–115, 1975.
28
[144] D. Wood and N. Ashcroft, “Quantum size effects in the optical properties of small metallic particles,”
Phys. Rev. B, vol. 25, no. 10, p. 6255, 1982.
[145] W. Ekardt, “Work function of small metal particles: Self-consistent spherical jellium-background
model,” Phys. Rev. B, vol. 29, no. 4, p. 1558, 1984.
[146] S. F. Tan, L. Wu, J. K. Yang, P. Bai, M. Bosman, and C. A. Nijhuis, “Quantum plasmon resonances
controlled by molecular tunnel junctions,” Science, vol. 343, no. 6178, pp. 1496–1499, 2014.
[147] L. Wu, H. Duan, P. Bai, M. Bosman, and Y. J. K. W., “Fowler-nordheim tunneling induced charge
transfer plasmons between nearly touching nanoparticles,” ACS Nano, vol. 7, pp. 707–16, 2013.
[148] E. J. R. Vesseur, R. de Waele, M. Kuttge, and A. Polman, “Direct observation of plasmonic modes
in au nanowires using high-resolution cathodoluminescence spectroscopy,” Nano Lett., vol. 7, no. 9,
pp. 2843–2846, 2007.
[149] J. Van Wijngaarden, E. Verhagen, A. Polman, C. Ross, H. Lezec, and H. Atwater, “Direct imaging
of propagation and damping of near-resonance surface plasmon polaritons using cathodoluminescence
spectroscopy,” Appl. Phys. Lett., vol. 88, no. 22, p. 221111, 2006.
[150] M. Kuttge, E. J. R. Vesseur, A. Koenderink, H. Lezec, H. Atwater, F. G. de Abajo, and A. Polman,
“Local density of states, spectrum, and far-field interference of surface plasmon polaritons probed by
cathodoluminescence,” Phys. Rev. B, vol. 79, no. 11, p. 113405, 2009.
[151] D. M. Kaz, C. G. Bischak, C. L. Hetherington, H. H. Howard, X. Marti, J. D. Clarkson, C. Adamo,
D. G. Schlom, R. Ramesh, S. Aloni, D. F. Ogletree, and N. S. Ginsberg, “Bright cathodoluminescent
thin films for scanning nano-optical excitation and imaging,” ACS Nano, vol. 7, no. 11, pp. 10397–
10404, 2013.
[152] “Plasmon spectroscopy and imaging of individual gold nanodecahedra: A combined optical microscopy,
cathodoluminescence, and electron energy-loss spectroscopy study,” Nano Lett., vol. 12, no. 8, pp. 4172–
4180, 2012.
[153] A. Losquin, L. F. Zagonel, V. Myroshnychenko, B. Rodr´ıguez-Gonza´lez, M. Tence´, L. Scarabelli,
J. Fo¨rstner, L. M. Liz-Marza´n, F. J. Garc´ıa de Abajo, O. Ste´phan, and M. Kociak, “Unveiling nanome-
ter scale extinction and scattering phenomena through combined electron energy loss spectroscopy and
cathodoluminescence measurements,” Nano Lett., vol. 15, no. 2, pp. 1229–1237, 2015. PMID: 25603194.
[154] S. T. Park, M. Lin, and A. H. Zewail, “Photon-induced near-field electron microscopy (pinem): theo-
retical and experimental,” New J. Phys., vol. 12, no. 12, p. 123028, 2010.
[155] L. Piazza, T. Lummen, E. Quinonez, Y. Murooka, B. Reed, B. Barwick, and F. Carbone, “Simultaneous
observation of the quantization and the interference pattern of a plasmonic near-field,” Nat. Commun.,
vol. 6, 2015.
[156] A. Yurtsever, J. S. Baskin, and A. H. Zewail, “Entangled nanoparticles: Discovery by visualization in
4d electron microscopy,” Nano letters, vol. 12, no. 9, pp. 5027–5032, 2012.
[157] A. Asenjo-Garcia and F. G. de Abajo, “Plasmon electron energy-gain spectroscopy,” New J. Phys.,
vol. 15, no. 10, p. 103021, 2013.
[158] G. Boudarham and M. Kociak, “Modal decompositions of the local electromagnetic density of states
and spatially resolved electron energy loss probability in terms of geometric modes,” Physical Review
B, vol. 85, no. 24, p. 245447, 2012.
